Abstract-In this paper a new compact planar monopole-like multiple-input-multiple-output (MIMO) handset antenna is proposed. The antenna system consists of two identical antennas with a defected ground arrangement for low correlation and high isolation characteristics. The antennas are oriented horizontally at the no-ground portion located at the top and bottom of the FR4 50 × 102 mm 2 circuit board. The proposed system operates at the 2.3 GHz (2.13-2.64 GHz), 3.6 GHz (3.11-4.83 GHz), and 5.6 GHz (5.15-7.62 GHz) bands. The isolation maintained is better than 18 dB over the desired frequency bands, resulting in an envelope correlation coefficient of less than 0.025. The simulated and measured S-parameters show good agreement. Due to the compact size, the proposed MIMO antenna system is suitable for smart phone applications that have size limitations.
INTRODUCTION
Mobile communication devices are now defined more by their ability to access online multimedia content than by their traditional function of making voice calls. MIMO and Long Term Evolution (LTE) technology provide high data rates and capacity for streaming live audio and video, accessing dataintensive online applications and social media, web browsing etc. [1, 2] . MIMO antenna systems enable high quality and high capacity gain communications using LTE and Wireless Wide Area Network (WWAN) mobile networks without the need for additional power or spectrum [3] . Antenna engineers are increasingly required to co-locate a number of antennas in the confined space of a smartphone, while maintaining high isolation and decoupling between elements, often including the radiating ground plane [4, 5] . Different methods such as defected ground method, decoupling network, parasitic elements method, and polarization decoupling method have been presented in the literature to decrease mutual coupling in closely located antennas in MIMO systems [6] [7] [8] [9] [10] . Among these techniques, inserting decoupling slots into the system ground plane or defected ground structures, as proposed by the authors in [6] is a favourable technique.
In this paper, a novel MIMO antenna system for smart phone applications is proposed. It covers communications standards LTE, Wi-Fi, WiMAX, WLAN, and HIPERLAN at return loss better than 6 dB with near omnidirectional radiation patterns. The isolation between the two antennas is better than 18 dB and is accomplished through a defected ground structure. The antennas have a very low envelope correlation coefficient ECC (< 0.025) compared to literature [1, 2, 7, and 10-15] in the bands of interest. Thee designs proposed in [1, 7, 10, and 13-15] depend on closely spaced decoupled antenna arrays using complicated decoupling structures and circuit elements with relatively significant ECC values (0.1-0.54) in some bands of interest. In [11] ten antenna elements are used with ECC (< 0.1) to operate only in the frequency range (3.4-3.8 GHz). In [12] four antenna elements are used with box-folded planar inverted-F antenna to operate only in the frequency range (1.85-2.69 GHz) and reasonable ECC (< 0.03).
II. ANTENNA GEOMETRY AND DESIGN
The simulated model of the MIMO antenna is shown in Fig. 1 . The design comprises of two antenna elements printed at opposite ends of the PCB separated by 72 mm. They are denoted throughout this paper as Antenna 1 and Antenna 2. Both antennas encompass meandered monopole type identical radiating elements on the non-ground portion as depicted in the back view Fig. 1 (c) . A 1.5 mm thick FR4 substrate of relative permittivity 4.56 and loss tangent of 0.012 is used as the system circuit board. The size of the substrate is 50 × 102 mm 2 . Each antenna element resides in an area of 24.5 × 14 mm 2 with the optimised dimensions shown in Fig. 1 (b) . The optimised size is suitable for contemporary handset designs. In this study, the inspiration for the proposed antenna system comes from [13] . The antenna element consists of one branch strip, two hook-shaped strips and a fork-shaped strip to afford divergent surface current paths so as to yield triple resonance -line (with dimensions 28 × 2 mm 2 ) is used to feed each monopole antenna, which is also printed on the top layer of the substrate and designed to provide the best impedance matching. The isolation between MIMO antennas is realised through the defected ground plane (GND) structure incorporating slots and slits, as shown in Fig. 1(c) . The introduced slots in to the GND structure reduce strong mutual coupling between antennas. The complete proposed MIMO design combining radiating elements and defected GND structure is depicted in Fig. 1(d) , which shows a top view with the bottom layer showing through. Fig. 1 (e) shows a photograph of the fabricated antenna. Fig. 3 shows the simulated S-parameters for the proposed MIMO antenna system (Antenna 1 accompanied with Antenna 2) before introducing the defected GND structure. The S11 shows that the impedance bandwidth of the proposed MIMO system without any slots offers (at return loss better than 6 dB) a lower band at resonant frequency 2.15 GHz which requires tuning and widening in order to cover LTE2300 (2305-2400 MHz) and WLAN2400 (2400-2484 MHz). The second frequency band resonates at 3.6 GHz to cover WiMAX3500 (3300-3700 MHz). The third band resonates at 5.56 GHz to cover WLAN, WiMAX, and HIPERLAN 5200/5800. The simulated S21 of the system without decoupling slots show isolation better than 18 dB over the entire frequency range of interest except for the lower band where it reaches 9 dB as shown in Fig. 3 .
The simulated S-parameter results obtained by inserting the decoupling slots in the ground plane are shown in Fig. 4 . It can be seen from the S11 that the lower band has been improved significantly to 2.13-2.64 GHz to cover the LTE2300 band. The slots in the ground plane have not degraded performance in the LTE, WiMAX, WLAN, and HIPERLAN bands.
One of the common methods assessing the performance of multiple port devices is calculating the envelope correlation coefficient (ECC) in terms of S-parameters using the following equation [12, 13]: where N is the number of antennas in the system. This simple equation does not give precise information about the coupling between the antennas since it does not include both scattering parameters and the intrinsic power losses in the radiating structures simultaneously [6] . Nevertheless, it is a useful parameter to consider in MIMO designs. It should be highlighted here that the decoupling slots are resonating and play an important role in covering the lower bands due to the fact that the entire structure resonates even before adding Antenna 2. The calculated ECC to measure the diversity gain of the proposed MIMO antenna system is plotted in Fig. 5 .
Rigorous parametric studies have led to optimized dimensions and positions for the slots resulting in high isolation and good S-parameter performance, especially in the lower band. The opti /4 in the lower band. It is noticeable from Fig. 5 how introducing the decoupling slots into the GND reduces significantly the ECC from 0.038 to less than 0.006 for all the frequency bands, implying to good diversity gain. The introduced decoupling slots block and suppress the current flowing from the excited Feed Point 1 to the coupled excited Feed Point 2 and vice versa. Another vital part introduced into the GND is the two identical rectangular slits with the optimized dimensions shown in Fig. 1 (c) . Theses slits vary the input impedance characteristics of the proposed triple-band MIMO antenna system. Fig. 6 shows the reflection coefficient of proposed MIMO with and without rectangular slits in the ground. There is a significant difference in the antenna performance (reflection coefficient) in bands of interest when there are no slits in the ground. The simulated and measured S11 and S21 results given in Fig. 7 show good agreement. Small differences in the results could be attributed to fabrication tolerances and proximity of the feeding coaxial cables. The S11 is better than -6dB and S21 better than -18dB across the required frequency bands. Surface current distributions of the proposed system at different resonant frequencies are given in Fig. 8 . When Antenna 1 is excited, Antenna 2 is terminated with matched load. As seen in Fig. 8 (a), (b) , and (c), different parts of the meander monopole are responsible for resonance at specific frequencies. The proposed decoupling slots create additional electrical paths for the current to flow and also constrict the current flow from one antenna to the other.
The proposed MIMO antenna system simulated efficiency is presented in Fig. 9 . Over the frequency bands under consideration, both antenna's radiation efficiencies are better than 85%. In general, handset antennas tend to have much lower efficiencies due to small size of the radiating elements. Fig. 10 shows the radiation characteristics of the proposed MIMO antenna system at 2.3, 3.6 and 5.6 GHz respectively. The antenna system exhibits omnidirectional radiation characteristics at 2.3 GHz and more variations in the radiation patterns are observed at the higher frequencies, 3.6 and 5.6 GHz. 
IV. CONCLUSION
This article has proposed a novel MIMO antenna system with an optimised decoupling technique for isolation better than 18 dB across all the operating bands. The system consists of two planar printed compact monopole antennas with decoupling slots in the ground plane to accomplish ECC below 0.006 over the operating bands. Antenna performances with and without the proposed decoupling slots have been presented. The proposed design covers the following standard operating bands in the frequency range 2-8 GHz: LTE2300 (2305-2400 MHz), WLAN2400 (2400-2484 MHz), WiMAX3500 (3300-3700 MHz), and WLAN/WiMAX/HIPERLAN5200/5800 for smart phones (return loss better than 6 dB). The radiation patterns and efficiencies of the design make it a potential candidate for mobile device applications. The simulation and measurement results of the proposed design illustrate the good performance of the MIMO antenna system. The presented decoupling design can be applied to different multiple antenna or MIMO systems.
